Abstract: A small number of species, including Mimosa pudica, use rapid leaf movement as a presumptive defensive strategy. How movement-based defenses change in response to mechanical damage and whether changes are localized or systemic is unknown. This is in contrast to a substantial literature describing how mechanical leaf damage can cause morphological and chemical responses within a diversity of plant species. Depending on the species and the stimuli, these chemical and morphological responses can be localized to the tissues damaged or systemic throughout the plant body. Here we report the results of a small experiment designed to test the following: (i) whether mechanical leaf damage influences subsequent leaf closure behavior, and (ii) whether changes were systemic or localized. To do this, we scored leaves using a behavioral assay (time-toreopen leaves following a subsequent touch stimuli) for several days before and following mechanical damage. Leaves above and below the damaged leaf were observed, on damaged and undamaged plants, allowing us to assess whether any change was systemic. We found leaf damage caused strong localized effects, greatly increasing the time-to-reopen of the damaged, but not adjacent, leaves. Neither the physiological cause nor fitness consequences of this behavioral shift are known. Interestingly, this altered behavior resulted in damaged leaves remaining "hidden" longer than undamaged leaves. If leaf closure reduces risk of herbivory, there could be adaptive value, analogous to inducible chemical and morphological defenses.
Introduction
A suite of morphological and chemical defenses are commonly employed by plants to defend against herbivores. A relatively small number of plant species also exhibit rapid leaf movement (closure) in response to touch, a behavior generally viewed as a form of defense against herbivory (Braam 2005) . For example, in response to touch, Mimosa pudica L. rapidly closes its leaves (milliseconds to seconds), slowly reopening them over time (seconds to minutes; Burkholder and Pratt 1936) . The general paucity of information regarding the ecology of this behavioral response is in great contrast to the rich literature describing chemical based defenses in plants (e.g., Fraenkel 1959; Karban and Baldwin 1997) .
There are a number of putative benefits of this behavior, including decreased leaf visibility (Braam 2005 ) and attractiveness to herbivores (Fromm and Lautner 2007) , increased visibility of morphological defenses (Eisner 1981) , and scaring away potential herbivores through rapid movement (Braam 2005) . However, this form of leaf movement is not without costs. Having leaves closed reduces plant photosynthetic rates (Hoddinott 1977) and requires additional ATP to reopen leaves (Fleurat-Lessard et al. 1997) . As expected, when there are variable costs and benefits associated with a defensive strategy, there is variation in the expression of this leaf-closure behavior among and within individuals (Jensen et al. 2011) . For example, leaves recovered from closure more slowly under high light conditions; a result consistent with risk−reward predictions derived from behavioral-ecological theory (Jensen et al. 2011) .
Although leaf movement is associated with defense, there is surprisingly little information about how this defense responds to leaf damage. For example, the degree to which leaf damage alters future leaf movement is unclear. In contrast, it is well established that many plant species increase morphological and chemical defenses in response to prior leaf damage (Karban and Baldwin 1997; Karban 2008) , with these induced responses potentially enhancing fitness (Agrawal 2000) . We suggest analogous processes in the movement based defense of Mimosa could include: (1) damaged leaves remaining closed (i.e. hidden) longer than undamaged leaves, and (2) plants retain the ability to open and close leaves, even following mechanical damage.
Chemically induced behaviors have varying spatial scales of influence among species and defense types, ranging from primarily localized (i.e., site of damage) to systemic within an individual (Karban 2011) , systemic amongst connected ramets (Gomez et al. 2007) , and impacting adjacent unconnected individuals (Dolch and Tscharntke 2000) . One interesting aspect of the leaf closure behavior of Mimosa is that following a touch stimuli, the resulting signal can propagate to adjacent leaves (Malone 1994) , inducing closure of untouched leaves. This within-plant transmission of information presents the possibility that any altered leaf closure in response to damage may also be propagated within a plant, rather than restricted to the leaves that are damaged.
Here we report the results of a simple greenhouse experiment to test the following two questions regarding the leaf-closure behavior of Mimosa pudica: (1) does leaf damage influence subsequent leaf closure behavior, and (2) are changes systemic or localized?
Materials and methods

Study species
Mimosa pudica (hereinafter referred to as Mimosa) is a perennial shrub first identified in Brazil, and now a pantropical weed (Francis 2010) . Mimosa has bipinnately compound leaves, such that each leaf consists of (typically) two pairs of leaflets, with each leaflet containing many oppositely arranged pairs of pinnules. A number of other species also exhibit a diversity of touch responses (Braam 2005) , and the formal scientific study of such botanical curiosities is quite old (Darwin and Darwin 1881) . However, we were unable to find any studies that described either the taxonomic diversity of touch-sensitive plants or even the approximate number of species exhibiting such movement-based defenses.
Mimosa possesses diverse putative anti-herbivore defenses, including the rapid leaf movement studied here, small spines, and large amounts of flavonoids and phenolics within its leaves (Zhang et al. 2011) . This species has received substantial attention from physiologists in efforts to understand the unusual mechanisms of leaf closure (Volkov et al. 2010) , though little is known about the general ecology of this species, particularly in the field. Common herbivores and rates of herbivory in native and introduced locations appear to be unreported in the peer reviewed literature, though anecdotal information suggests browsing by ungulates and feeding by a diverse range of arthropods. Given the expansion of this species throughout the subtropical regions, there is a need to understand its basic ecology, including the functional ecology associated with its unusual defensive strategy.
Experimental design
Ten, similarly sized, 1-year-old plants were obtained from the plant collection of the Department of Biological Sciences at the University of Alberta. Plants were grown in 20 cm pots with standard greenhouse potting medium (Sunshine Mix LC1). Plants were grown with supplemental lighting (in addition to ambient), were provided with a general all-purpose fertilization solution monthly, and were watered daily. The timing of the fertilization schedule was such that no fertilizer was added during the experiment, and plants did not express any visible signs of nutrient stress. We purchased the seed from a commercial supplier (Stokes Seeds, Thorold, Ontario, Canada); the same source used in a prior experiment (Jensen et al. 2011) .
Within a small greenhouse room, pairs of similarly sized plants were distributed among five locations (blocks). Within each block, plants were randomly assigned to one of the following two treatments: control or damaged. Because leaf closure is known to be sensitive to light levels (Jensen et al. 2011) , we used blocking to account for positional differences within the greenhouse room.
On each plant we marked four leaves with colored thread loosely tied to the stem. One of these four served as the focal leaf and was the second leaf from the distal end of the longest stem. The second and third leaves were either immediately above (second) or below (third) the focal leaf, on the same stem. The fourth leaf was the one most distant from the focal leaf, located on the second main stem.
We performed a behavioral assay (described below) on each leaf every other day for 9 "pre-treatment" days, and at 1, 2, 3, 4, 6, and 8 days following the leaf damage treatment. Leaf damage was imposed by cutting off half of a single leaflet on the focal leaf of five plants (damaged) with scissors, while leaving the leaflet uncut on the remaining five plants (control). Total tissue removal was low, consisting of approximately one-quarter of the leaf area of a single leaf. We chose this damage intensity because we did not want to confound any induced behavioral responses to leaf damage with responses due to energetic stress, as may occur with high levels of tissue removal.
We recognize that there may be differential changes to a plant defense dependent upon whether leaf removal occurs mechanically (as we have done) or due to feeding by an herbivore. However, we chose this simpler approach for the following two reasons: (1) no similar study has been conducted with Mimosa, and thus understanding how the plant responds to mechanical damage is a logical first step, and (2) basic natural history is lacking regarding the natural herbivores of this species. Thus, there is no a priori reason to choose any particular herbivore over another, such that any species we did use would still be unrepresentative of natural conditions.
Behavioral measurements
Following the methods of Jensen et al. (2011) we quantified the behavioral response of each plant as the time it took to reopen 75% of the pinnules on the focal leaf in response to a strong touch stimuli. Consistent stimuli were applied using a 1.3 cm metal washer dropped from a distance of 10 cm above each leaf. Behavioral observations were taken one block at a time, with the order of blocks randomly determined during each observation period. Within blocks, simultaneous observations were made on similarly marked pairs of leaves, one from each the control and damaged plants. Marked pairs were observed in random order.
Statistical analyses
We used a single general linear mixed model, combined with a series of a priori contrasts to test the following two questions: (1) does leaf damage influence subsequent leaf closure behavior, and (2) are changes systemic or localized? Time-to-recover (as described above) following a physical stimuli, served as the response variable (ln-transformed to meet assumptions of normality), with leaf position (focal, above, below, distant) and plant treatment (damaged, control) as two fixed effects. To account for pretreatment differences, we included the mean time-to-recover measured for each leaf during the 9 days prior to treatment as a covariate. Block served as a random effect to account for spatial variation in the greenhouse. Further, because behavioral measures were taken on a per-block basis, the block term in the model also accounts for changes in light levels over the course of the day. To account for multiple measures taken on the same leaves over multiple days, we included day of measurement as a repeated measure. All analyses were conducted in PASW Statistics version 18 (SPSS 2009).
Evidence of changes to leaf movement in response to prior leaf damage could be seen in several analyses, including the following: (i) at the plant level, a main effect of the damage treatment on the time-to-reopen, and (ii) at the leaf level, a significant a priori contrast in time-to-reopen focusing only on the damaged leaf and the similarly positioned leaf in the undamaged plants. Evidence of systemic behavioral changes could be seen as either a (1) lack of treatment × leaf interaction in the main analysis, or (2) significant a priori contrasts among any of the three undamaged leaf positions.
Results
When averaged across all days, leaves, and treatments, plants took a mean (SD) of 265 (157) s to reopen their leaves following our touch stimuli. Surrounding this mean is substantial variation, with individual leaves varying from 71 to 1569 s in time-to-reopen. Underlying the variation among leaves is variation among individual plants. Among the undamaged plants, the fastest plant took and average of 194 (25) s to open, while the slowest took 296 (159) s. Even larger variation was seen among the damaged plants, ranging from 183 (63) to 423 (170) s. Some of this variation is likely due to positional effects within the greenhouse. Though this was accounted for statistically, it still increases variability among plants. Genetic variability may also contribute, though this study was not designed to differentiate genetic from spatial causes of behavioral variation.
Does leaf damage influence subsequent leaf closure behavior?
Leaf damage does influence subsequent leaf closure behavior. Plants reopened damaged leaves 20% more slowly in response to subsequent touch stimuli than did similarly positioned leaves on undamaged plants (mean (SD) in seconds: undamaged 236 (95), damaged 283 (198); Table 1 ; Fig. 1 ; planned contrast (damaged leaves vs. similar position on undamaged plant) F 1,7 = 5.61, P = 0.05). There was a clear time effect in the observed time-to-reopen (Table 1; Fig. 1) , with an overall decline in time-to-reopen during the course of the experiment. These temporal changes may be weather related, seasonal changes in light and temperature in the greenhouse. They may also be indicative of habituation to repeated disturbances, though differentiating among these ideas is beyond the scope of this study. There was no significant time × treatment interaction (Table 1) , suggesting the time-based effects were independent of treatment. However, visual inspection of the data (Fig. 1) raises doubt regarding the robustness of this statistical result, particularly for the focal leaf. We suggest this aspect of our findings should be interpreted as speculative, not conclusive.
Are changes systemic or localized?
The changes are localized. Averaged across all days, damaged leaves reopened in response to subsequent touch stimuli 62% more slowly than did undamaged leaves (mean (SD) in seconds: undamaged 258(119), damaged 418(294)). However, this effect was highly localized within the plant and not a systemic response. This is seen both as a significant treatment × leaf interaction (Table 1) and an a priori contrast test indicating none of the undamaged leaf positions differed significantly among the damaged and control plants (all P > 0.41). Visual inspection of Fig. 1 suggests that leaves above the damaged focal leaf reopened faster in the damaged plants than the undamaged plants; however this was not supported by the a priori contrasts.
Discussion
Overall, we found the movement-based defense of leaf closure and reopening in Mimosa pudica was influenced by leaf damage, though in a highly localized manner. These results, combined with prior work showing plasticity in response to light levels (Jensen et al. 2011) , indicate that this putative movement-based defensive behavior is highly sensitive to local conditions. Such contingency in expression is consistent with that of more commonly observed and more traditionally studied chemical and morphological plant defenses, suggesting a common theoretical framework may be useful in understanding the diversity of forms of plant defense.
Previously damaged leaves reopened more slowly in response to touch than did undamaged plants (Fig. 1, Table 1 ). Organisms commonly increase defense while foraging when presented with specific threats. In plants, induced chemical and morphological defenses in response to prior exposure to leaf damage are widespread among plant species (Karban and Baldwin 1997) . Similarly, foraging animals demonstrate induced vigilance during foraging bouts in response to specific observed threats (Blanchard and Fritz 2007) . Here, we observed that in response to a specific stimulus (mechanical damage), damaged leaves remained closed longer than did leaves that were not damaged (Fig. 1) . If leaf closure is a means to reduce herbivory, then it appears Mimosa enhances its defense in response to the specific stimuli of prior damage. We suggest this behavior most accurately could be referred to as an induced response, following the definition set forward by Karban and Baldwin (1997 p. 3): ". . . changes in plants following damage (or stress) . . .". Importantly, they suggest that induced responses do not necessarily benefit the plant, nor does the presence of induction imply anything about the "evolutionary origin or maintenance of the trait" (Karban and Baldwin 1997 p. 3) . This is in contrast to induced defenses, which do "currently decrease the negative fitness consequences of attacks on plants." (Karban and Baldwin 1997 p. 3) . Thus, though we offer the first demonstration of induced behavioral response in Mimosa in response to mechanical damage, more research is needed to know whether these changes are adaptive such that they could be termed induced defenses.
Identifying the mechanisms that cause the observed induced response is critical to understanding whether it is potentially adaptive, or a nonadaptive consequence of cellular damage. It is interesting to note that we observed damaged leaves stayed closed longer than undamaged plants, rather than not being able to close at all, and we observed no indication of yellowing or imminent abscission. It would be useful to conduct future studies that followed leaves longer in time, allowing one to determine whether this induced response is transient or fixed. The latter is most consistent with the cellular-damage hypothesis mentioned above, though such tests are beyond the scope of this study.
Changes in behavior were highly localized with no indication of changes in behavior of adjacent or distal leaves (Fig. 1, Table 1 ). This is despite the physiological understanding that a closure signal is able to propagate among adjacent leaves (Malone 1994) , and that whole-plant light conditions can impact overall closure behavior (Jensen et al. 2011) . The finding of a highly localized response to mechanical damage versus a systemic response to reduced light results in a number of future research questions. Critical next steps will be to determine whether this localized response is also found in response to herbivore, rather than mechanical damage, and to identify the actual energetic costs associated with repeated closures and openings.
Overall, these results further support prior findings that fundamental aspects of plant growth and development, including chemical communication (Karban 2008) , leaf-movement defenses (Jensen et al. 2011) , and even belowground foraging patterns (Cahill and Mcnickle 2011) are highly plastic. Unfortunately, the natural history of Mimosa pudica and other species that use leaf movement in defense is poorly known, particularly in relation to natural enemies. Further, this was a small study addressing very specific first questions in describing this defensive strategy, and we have left many basic issues unaddressed. We suggest botanical curiosities, such as Mimosa pudica, have the potential to offer novel insight into plant−animal interactions. 5.8
